Factorial experiments were carried out to determine the potential of microwaves (MWs) for improving characteristics of aerobic sequencing batch reactor (SBR) sludge to enhance mesophilic anaerobic digestion. Effects of pretreatment temperature, MW irradiation intensity and solids concentration on sludge characterisation parameters were monitored. Increasing pretreatment temperature in the 45 to 85ºC range increased the soluble COD/total COD (chemical oxygen demand) ratio. MW intensity and sludge concentration in the 1 to 5% (w/v) had minimal effects on solubilisation of COD. Biochemical methane potential (BMP) tests at 35 o C used to investigate effects of MW temperature, number of MW cycles and partial SBR sludge pretreatment showed that partial MW pretreatment of sludge and increased MW exposure cycles does not significantly improve overall methane production. In general, BMP tests demonstrated that 100% of SBR sludge irradiated once to 85ºC produced the greatest improvement in VS destruction (12%) and overall methane production (16%). Generally improved biogas production via MW pretreatment was not accompanied by any potential improvement in sludge dewaterability.
Introduction
Economically feasible treatment and disposal of municipal sludge is one of the most complex problems facing the environmental engineer (Droste, 1997) . Primary sludge consists of settleable organic and inorganic matter and is readily degradable. Waste activated sludge (WAS) on the other hand consists of microbial biomass, extracellular polysaccharide substance (EPS) and inorganic material that is difficult to degrade due to the stability of the floc structure and microbial cell walls. (Eskicioglu et al.,2005) . These two sludge types are typically mixed together and stabilised via anaerobic digestion (AD). As a large portion of the organic material is bound within the floc structure and cell walls in WAS, greater solids stabilisation and concomitant methane production may be obtained by pretreating WAS prior to digestion (Kim, 2003) .
Pretreatment processes which aim to disrupt the WAS floc structure and bacterial cell walls in order to increase the organic material available for digestion include chemical (Woodard and Wukasch, 1994) , electron beam ( Shin and Kang, 2003) , mechanical (Nah et al., 2000) , ozonation (Weemaes et al., 2000; Yeom, 2002) , thermal (Haug and Stuckey, 1978) ; ultrasound (Brown et al., 2003; Tiehm et al., 2001) , steam explosion (Dereix et al., 2005) and combinations such as MICROSluDGE (Stephenson et al., 2004) and CAMBI processes (Abraham and Kepp, 2003) . Other potential advantages of pretreatment are significant reduction in pathogens and improved sludge dewaterability. While rate and extent of enhanced digestion varies with the type and extent of pretreatment there is a consensus that sludge pretreatment will eventually become the norm in treatment facilities. Mild thermal pretreatment at temperatures of less than 100 o C (Gavala., 2003) has been reported to be particularly successful at improving both AD and reducing pathogens. An innovative thermal sludge pretreatment option is microwave (MW) irradiation. MW technology is capable of rapid and more uniform heating of polar molecules (such as water) while using less energy than conventional heating.
In small communities, wastewater treatment in complex plants which include primary and secondary treatment trains is not feasible and simpler processes such as the aerobic sequencing batch reactor (SBR) are used to treat screened and de-gritted wastewater at a long solids retention time (SRT). WAS accumulating during the settling phase is typically transferred to a drying pond then transported to a landfill for disposal. With implementation of the Kyoto Accord, small municipalities may be required to reduce CO 2 emissions and recover the energy content of the sludge through AD.
Hydrolysis, which involves enzymatic degradation of large and complex molecules into sugars, amino acids, and peptides is widely regarded as the rate-limiting step of WAS digestion (Palmowski and Muller, 2003) . Depending on the pretreatment method, particle size reduction is typically accompanied by release of floc and cellular material due to cell rupture and modification of the cell/floc structure (Muller et al., 2004) enhancing hydrolysis. These mechanisms are responsible for improvements in the rate and/or extent of AD of pretreated sludge. Hong (2002) investigated use of MW irradiation to enhance AD of anaerobically digested, primary sludge and WAS (SRT not given) and to destroy pathogens. Heating to 70ºC, the soluble chemical oxygen demand/total chemical oxygen demand (sCOD/tCOD) ratio of the primary sludge increased slightly from 12 up to 13% whereas the sCOD/tCOD ratio of the WAS increased from 8 up to 18%. Primary sludge MW to 85 and 100ºC resulted in 11.9 and 22.7% increases in biogas production, respectively while WAS irradiated to 85 and 100ºC produced 11.4% and 15% improvements, respectively. Similarly, Park et al. (2004) demonstrated that MW irradiation of WAS (SRT not given) to 91ºC increased sCOD/tCOD from 2 up to 19%. Comparison of semi-continuous (35ºC) AD control and pretreated sludge reactors at 10 d SRT showed a 36.6% improvement in biogas production with concomitant increase in volatile solids (VS) destruction from 23.2 up to 25.5%. Eskicioglu et al. (2005) WAS (SRT of 4to 5 d) reported MW irradiation to 96 o C resulted in sCOD/tCOD increase from 5 to 20% and 17% improvement in overall biogas production, with similar improvement in VS destruction compared to controls. Zheng and Kennedy (2006) working with 3 to 4% total solids (TS) primary sludge reported MW irradiation to 65 and 90 o C at various MW intensities resulted in a 2-to 3-fold increase of sCOD and a 15 to 30% improvement in the rate of biogas production but that ultimate degradability of primary sludge was unchanged. None of the MW pretreatment studies have applied to high SRT sludge or combined sludge from facilities without primary sedimentation. This research focuses on the effect of MW pretreatment on enhancing AD of combined sludge from an aerobic SBR with a long SRT. This study will use a combination of factorial experiments and biochemical methane potential (BMP) assays to determine the effects of MW pretreatment temperature, MW irradiation intensity, solids concentration as well as various MW heating strategies (multiple MW heat cycles, heat and hold temp) on improving characteristics of aerobic sequencing batch reactor (SBR) sludge to enhance mesophilic anaerobic digestion.
Materials and methods

SBR sludge
SBR sludge was obtained from the municipal wastewater treatment plant (MWTP) in Rockland, ON which incorporates coarse and fine screening, solids de-gritting followed by aerobic treatment and settling in an SBR. The SBR sequence is: fill (2.67 h), mix (3.33 h), settle (1 h) and decant (1 h) with an SRT of 12 to 14 d and food to micro-organism ratio of 0.24. SBR sludge collected during the settling phase was approximately 1.5 to 3% TS.
MW irradiation
MW irradiation of SBR sludge was conducted in a household 1.460 W, 2.45 GHz Panasonic MW oven (NN-S963) equipped with rotating platform and MW intensity control. Sludge was centrifuged to a concentration of 4.3% TS then diluted with distilled water to concentrations of between 1.5 and 4.0% TS as needed. Samples of 800 mℓ volume with varying TS concentrations were placed in a polypropylene container covered with plastic wrap to minimise evaporation, irradiated at an intensity of 100% for times between 45 and 270 s to achieve desired temperatures between 45 to 85 o C (unless specified temperature hold-time was 0 s). To evaluate effects of MW intensity, sludge concentration was kept constant at 3% TS but MW intensity was varied between 60 and 100% for times between 45 and 270 s. using the above methods, various SBR sludge concentrations were MW to various temperatures using differing MW intensities to evaluate the effect on enhanced mesophilic AD. Effects of multiple MW temperature cycles (0, 1, 2, 3) and effects of a 10 min MW temperature hold-time on sludge solubilisation and subsequent enhanced digestion were also tested. The effects of combining mildly alkaline pretreatment plus MW irradiation to 85 o C vs. MW pretreatment to 85 o C only on solubilisation and enhanced biogas production were also examined. Samples were cooled to 35ºC for batch BMP tests.
Anaerobic inoculum
Anaerobic inoculum for BMP tests was MW acclimated in a 20ℓ semi-continuous reactor rotating at 50 r/min and kept at 35ºC. An SRT of 25 d was maintained by daily withdrawal of digested SBR sludge followed by addition of a 50:50 (v/v) mixture of irradiated (to 85ºC) and non-treated 2% TS SBR sludge. Acclimation of anaerobic seed was continued until daily biogas and biweekly tCOD, TS, VS, pH and volatile fatty acids (VFAs) stabilised which took two months. The acclimated inoculum had total VFAs of less than 25 mg/ℓ.
Ultimate SBR solubilisation
An estimate of the maximum solubilisation of SBR sludge was determined by alkaline pretreatment (Tiehm et al., 2001) . NaOH (2 g/bottle) was transferred to 16x150 mℓ glass serum bottles to which 100mℓ of well-mixed SBR sludge was added. Oxygen was removed by nitrogen sparging prior to the bottles being sealed with a butyl rubber stopper and placed on a shaker rotating at 50 r/min in the dark at 22 o C. Controls and duplicate samples were reacted for 1, 2, 3, 6, 9, 12, 15 and 24 h after which sCOD and tCOD tests were performed.
BMP assay
Batch BMP assays with controls were performed in duplicate on fully MW pretreated or partially MW pretreated SBR sludge volumes of 500 mℓ using 1 ℓ Wheaton® borosilicate glass bottles (Speece, 1996) . Sufficient alkalinity was ensured by adding 1 g/ℓ of NaHCO 3 and KHCO 3 followed by 160 mℓ of acclimated anaerobic seed. Duplicate seed control bottles were also run with each test. Oxygen was removed by sparging the headspace with nitrogen gas prior to the bottles being closed with a butyl rubber stopper and capped. Bottles were placed in a darkened 35ºC incubator shaker rotating at 30 r/min. Biogas production was measured daily using water displacement with a manometer while biogas composition was determined 3 to 4 times during the BMP test. A portion of each sludge sample was used to measure alkalinity, ammonia, pH, sCOD, tCOD, TS and VS and VFAs prior to the BMP assay for comparison to results at the end of the assay. Barber (2002) reported the highest biogas yield and concomitant solids stabilisation occurred when partially pre-treating 50 to 60% of WAS with ultrasound, suggesting that full 100% WAS pretreatment produced inhibitory levels of certain unknown compounds. In the present experiment, the percent of SBR sludge MW pretreated was varied between 0 (control) and 100% and the temperature achieved by the MW treated fraction was varied between 45 and 85ºC as shown in Table 4 . The SBR sludge had VS of 1.40 ± 0.11% and tCOD was 22.921 ± 932 mg/ℓ. Additionally NH 3 -N concentration and alkalinity of all the samples ranged between 20to 70 mg/ℓ and 2,190 ± 110 mg/ℓ as CaCO 3 , respectively. VFA concentrations of pretreated SBR sludge samples were less than 130 mg/ℓ acetic acid and 100 mg/ℓ propionic acid.
Partial SBR sludge pretreatment BMP assays
MW/chemical, multi MW cycles and MW temperature hold time assays
A second set of solubilisation tests and BMP assays was used to evaluate other MW pretreatment scenarios that might enhance anaerobic degradability of SBR sludge. One scenario was to combine MW pretreatment with mildly alkaline pretreatment (NaOH). Because NaOH is expensive and its use requires subsequent neutralisation, a low dose (Lin et al., 1997 ) that would weaken cell membranes but not completely mask the effect obtained from MW irradiation on anaerobic biodegradability was evaluated. SBR sludge was dosed with 2 g/ℓ NaOH for 12 h then neutralised with 6N HCl before MW heating (100% intensity) to 85ºC. 
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A second scenario investigated multiple MW irradiation cycles of SBR sludge to 85ºC. The number of irradiation cycles was varied between 0 and 3 both for NaOH-treated and untreated SBR sludge. Sludge irradiated multiple times was cooled to room temperature in a  4 o C freezer between irradiation cycles. The final test was to use the 'Keep Warm' feature of the MW oven at the end of a single irradiation cycle to hold the sludge at 85ºC for ten minutes. Table 5 summarises the pretreatment conditions used for the second BMP assay.
At the beginning of the second BMP assay, pH was between 6.8 and 7.2; alkalinity ranged between 1 400 to 2 800 mg/ℓ as CaCO 3 and VFA concentrations of all samples were less than 110 mg/ℓ acetic acid and 115 mg/ℓ propionic acid. Initial tCOD and VS of the samples were 16.460 ± 564 mg/ℓ tCOD and 1.04 ± 0.06% VS which was about 72% of TS.
Particle size distribution MW intensity effects on sludge particle size distribution were determined by sequential filtering of 500 mℓ samples using sieves with pore sizes of 100, 60, 30, 11 and 1 μm.
Analytical methods
Methane and CO 2 content of the biogas were determined with a Hewlett-Packard 5710a gas chromatograph (GC), equipped with a thermal conductivity detector and a 3380A model integrator using the method described by Van Huyssteen (1967) . The GC column was a Porepak T set (6.35 mm x 304.3 cm) at 70°C with a helium gas carrier flow of 40 mℓ /min. Biogas samples were taken from BMP bottles by means of an airtight syringe and 0.5 mℓ of biogas was injected into the GC for the determination.
VFAs were determined by an internal standard method described by Ackman (1972), using a Hewlett-Packard 5840A GC equipped with a flame ionisation detector, an auto sampler, a 5840 model integrator and a Chromosorb 101 packed column (304.8 cm x 2 mm ID, 80/100 mesh size). The oven temperature was 180°C, the injector temperature was 250°C and the detector temperature was maintained at 350°C. The flow rate of the formic acid saturated helium carrier gas was 15 mℓ /min. Before injection (10 µℓ) to the GC, samples were centrifuged at 5 000 r/min for 5 min in a micro-centrifuge, and the supernatant was diluted with an equal volume of internal standard containing 1 000 mg/ℓ isobutyric acid.
Total and volatile suspended solids determinations were based on procedures in Standard Methods (1998). Well-mixed samples were filtered through a pre-weighed GF/C fibreglass filter (VWR Can lab) and the residue retained on the filter was dried overnight to a constant weight in a 105°C oven. The increase in weight of the filter represented the TSS portion. The dried filter was ignited at 550°C in a muffle furnace for 20 min. The difference between ash and dry weights represented the fixed fraction of the sample, and the difference between the TSS and the fixed fraction was considered to be the VSS portion.
Determination of COD used the colorimetric technique based on Procedure 5220D in Standards Methods (1998). sCOD determination necessitated centrifugation of samples at a relative centrifugal force (RCF) of 8 484g for 20 min followed by filtration of supernatant through Metricel 47 mm sterile 0.45 μm filters. All analyses were performed in duplicate. A PerkinElmer spectrophotometer was used to measure the absorbance at 600 nm.
Standard Methods (1998) 2320B and 4500D were employed to measure alkalinity, and dissolved ammonia (NH 3(aq) and NH 4 + ) respectively.
Sludge dewaterability was determined using Standard Methods Procedure 2710G. Capillary suction time (CST) (in duplicate) of digested SBR sludge samples was determined using a Fann® capillary suction timer.
Results and discussion
SBR sludge particle size distribution and solubilisation
Effect of MW irradiation to 85ºC at 100% MW intensity on SBR sludge particle size distribution shown in Fig. 1 shows that MW irradiated samples contain a smaller concentration of particles larger than 100 μm and a re-distribution of particle sizes is observed in the smaller size bins. The increase in concentration of particles in the 11 to 30 and 60 to 100 μm size ranges indicates that MW irradiation of SBR sludge is capable of breaking down large particles into smaller ones potentially increasing surface area available for biodegradation. Similar changes in particle sizes for the SBR sludge were not observed at lower MW pretreatment temperatures.
Prior to investigating effects of MW irradiation on solubilisation the maximum achievable COD solubilisation was estimated for a 1.40 ± 0.11% volatile solids SBR sludge sample with tCOD of 22.921 ± 932 mg/ℓ. The sCOD(<0.45 μm)/tCOD ratios with time are shown in Fig. 2 (error bars represent standard deviation). The sCOD/tCOD ratio of untreated sludge was low (1.7%), indicating that the COD is mainly exerted by particles larger than 0.45 μm. Alkaline solubilisation of sludge occurred rapidly. Within an hour sCOD/tCOD increased to 42.4% and after 24 h a maximum sCOD/tCOD ratio of 57% was achieved which was used for comparison with MW pretreatment.
A 2 3 factorial experiment with central point was employed to investigate the impact of three MW factors on COD solubilisation (y) and to compare the extent of solubilisation with the estimated maximum sCOD/tCOD ratio (57%). A model resulting from this experiment could take the form below: The three factors studied were temperature reached by the sludge (T), MW irradiation intensity (MWI) and sludge concentration (SC) as shown in Table 1 . It was deemed worthwhile to explore the MWI variable since for a specific temperature; sludge irradiated at 60% intensity would have a longer heat exposure time compared to samples irradiated at 100% intensity. Sludge concentration was also deemed of interest as it influences the quantity of polar solvent acting to heat the matrix. The sCOD/tCOD ratio of control samples was approximately 1.4%, which was similar to values in the alkaline solubilisation experiment. Increasing MW temperature attained by the sludge in the 45 to 85ºC range had a positive effect on the solubilisation as the sCOD/tCOD ratio approximately doubled when sludge was heated to 45ºC and reached approximately 6.8% for sludge treated to 85ºC (Table 1 ) which represented about 12% of the maximum SBR sludge solubility. Plots of sCOD/tCOD ratio vs. temperature of MW pretreatment and sludge concentration are shown in Fig. 3 while Fig. 4 shows sCOD/tCOD ratio vs. the temperature of MW pretreatment and MW intensity. Visually, sludge concentration and MW intensity (in the range studied) do not appear to have a significant effect on the sCOD/tCOD ratio. One goal of this experiment was to develop a relationship of the form shown in Eq. (1) between statistically significant factors and the sCOD/tCOD ratio achieved.
Results of the factorial experiment were analysed using the method of Berthouex and Brown (2002) . The coded factorial matrix is shown in Table 2 where X 1 , X 2 and X 3 represent the main factors T, MWI and SC, respectively, and X 12 , X 13 , X 23 and X 123 represent two and three-factor interactions. The last two columns show the average sCOD/tCOD ratio along with the standard deviation associated with duplicate irradiated samples. Results Contact tim e (hrs) sCOD / tCOD * 100 (%)
Figure 2
Estimation of maximum sCOD/tCOD ratio of SBR sludge using NaOH pretreatment 
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of the statistical analysis are presented in Table 3 . Effects of primary factors and factor interactions were taken as significant if the 95% confidence interval of an effect did not contain zero. Accordingly only temperature attained by MW sludge was found to significantly affect the sCOD/tCOD ratio and therefore, Eq. (1) can be simplified to describe the data. Because sludge concentration and MW intensity were shown to not significantly affect the sCOD/tCOD ratio, a linear equation relating temperature of MW pretreatment and sCOD/tCOD ratio is possible. However, the fit was poor and the linear model did not describe the plateau in sCOD/tCOD ratio when pretreatment temperature was above 65ºC. Consequently, Eq. (2) shown in Fig. 5 had a better distribution of residuals (not shown) and was better able to describe the results. y = -0.0032x 2 + 0.4999x -12.898 (R 2 = 0.9498)
where: x is temperature, o C Equation (2) is applicable to Rockland SBR sludge characterised by a SRT of about 14 d, TS between 1.5 and 4.0% and heated to 45to 85ºC in a 1 460 W MW? oven at intensities of between 60 and 100%. The maximum sCOD/tCOD ratio obtained by MW irradiation was approximately 7% which was significantly lower than the maximum potential ratio of 57%. The results indicate that MW irradiation to 85ºC does not yield appreciable improvement in the solubilisation of COD over SBR sludge irradiated to 65ºC. While MW still has advantages such as high rate and focused heating and no chemical addition results suggest that higher temperatures may be needed to increase sludge solubilisation. The issue of the effect of MW pretreatment to enhance sludge stabilisation and biogas production was evaluated using mesophilic batch BMP assays.
The sCOD/tCOD ratios of MW pretreated SBR sludge prior to the BMP assays were checked and Eq. (3) (T o C) which was very similar to Eq. (2) was found to exhibit the best fit to sCOD/ tCOD ratios:
BMP assays to determine MW effects on enhanced AD of SBR sludge: Partial MW pretreatment of SBR sludge
The impact of partial MW SBR sludge pretreatment (100% MW intensity) compared to complete MW pretreatment of the whole sample (100% MW intensity) was determined via BMP assays. Cumulative biogas production of SBR sludge samples of which 20% was MW pretreated (80% not pretreated) to temperatures between 45 and 85ºC was the first partial MW pretreatment examined. No lag phase or inhibition was exhibited by samples that were 20% pretreated as demonstrated by a rapid biogas production at the beginning of the BMP assay as well as the steady rate of biogas production for all samples (not shown). Additionally the ultimate quantity of biogas produced by all MW pretreated samples was approximately the same as that produced by the controls. MW pretreatment of only 20% of sludge samples to temperatures between 45 and 85ºC did not improve or inhibit the rate of production or overall biogas production.
Biogas production from BMP assays containing 60% MW pretreated SBR sludge and 40% untreated sludge is shown in Fig. 6 . Again, no lag phase or evidence of inhibition was observed based on the rate of biogas production. However in this case, there was greater than 7% improvement in biogas production for the sludge mixture pretreated to 85ºC (60% MW pretreated SBR sludge and 40% untreated sludge) compared to the control (no pretreatment) suggesting no inhibition for 60% partial MW pretreatment of sludge to 85ºC. Biogas production from sludge samples that were 100% pretreated with MW to temperatures between 45 and 85ºC is shown in Fig. 7 . Again, no lag phase or evidence of inhibition was observed. Pretreatment of sludge samples to temperatures less than 65ºC did not result in conclusive improvements in overall biogas production. However, pretreatment to 65, 75 and 85ºC resulted in 10.8, 10.9 and 16.2% improvements, respectively, in overall biogas production compared to the control (no MW pretreatment). Hence, despite similar solubilisation of COD at MW irradiation temperatures of 65 and 85ºC, samples heated to 85ºC produced more biogas than those heated to 65 and 75ºC. This may be hypothesised to be due to a more successful disruption of floc particles larger than 100 μm into particles larger than 0.45 μm at a temperature of 85ºC than at 65 and 75ºC resulting in more organic matter being available for anaerobic degradation. It can be observed in Fig. 7 that all samples were characterised by an initial constant biogas production rate of approximately 150 mℓ/d. The difference between the best pretreatment conditions and the control was the duration of this maximum biogas production rate. MW pretreatment of 100% of the SBR sludge to 85 o C resulted in no inhibition and the rate of digestion was similar for controls, full and partial MW pretreatment. However, the greatest improvement for the extent of SBR sludge degradation occurred with 100 % of the SBR sludge under went MW pretreatment. Hence, pretreatment of this particular SBR sludge by MW irradiation does not affect the rate of degradation but enhances substrate degradability. These results are in contrast with those of Barber (2002) which showed advantages for partial ultrasound sludge pretreatment over full pretreatment. It is possible that there are differences in ultrasound and MW pretreatment or that the use of MW-acclimated inoculum negated any inhibitory effect that might appear with unacclimated inoculum. Barber (2002) did not indicate if ultrasound-acclimated inoculum was used.
The composition of biogas in all BMP tests was 70 to 75% CH 4 and 25 to 30% CO 2 . The pH at the conclusion of the test was approximately 7.2 for all pretreated and control samples while alkalinity ranged between 3 200 and 4 100 mg/ℓ as CaCO 3 . All these values are well within the range for good digestion. Additionally sCOD of all samples after 25 d ranged between 255 to 455 mg/ℓ indicating that a portion of the organic matter solubilised during MW pretreatment or produced during digestion was recalcitrant to anaerobic degradation. Ammonia-N concentrations in all samples at the end of the BMP assay were in the 325 to 520 mg/ℓ range with the higher concentrations associated with high MW pretreatment temperatures. These samples had the highest biogas production and greatest destruction of VS and nitrogen-rich organic matter. Ammonia concentrations were not in the inhibitory range (Speece, 1996) . Table 4 shows that the average VS removal in the control samples was 49% and increased to 56% for samples that were fully MW pretreated to 85ºC. This result concurs with tCOD removals (not discussed) and cumulative biogas data providing further confidence in the improvement in the extent of digestion of SBR sludge pretreated with MW irradiation. Post-digested SBR sludge dewaterability results were inconclusive with slightly higher CSTs indicating that no potential improvement in SBR sludge dewaterability with MW pretreatment is likely. This is in contrast to MW pretreatment studies with secondary WAS (5 d SRT) only that indicated potential improvements in sludge dewaterability. It is possible that the mix of primary and WAS in SBR sludge or the longer SRT of the SBR sludge may account for this difference.
MW/chemical, multi MW cycles and MW temperature hold time assays
Positive results for MW sludge pretreatment obtained in the partial MW pretreatment BMP assay led to evaluation of other pretreatment variables that might further enhance anaerobic degradability of SBR sludge. Combined MW pretreatment with mildly alkaline pretreatment, multiple MW irradiation cycles and a single irradiation cycle followed by a 10 min hold at 85ºC. Table 5 summarises the pretreatment conditions used as well as the COD removal efficiencies and methane yields for the BMP assays.
The sCOD/tCOD ratios of untreated and NaOH-treated sludge irradiated 0, 1, 2 and 3 times are shown in Fig. 8 . sCOD/ tCOD ratio of the control was 2.06 ± 0.03% which is slightly higher than the 1.72 ± 0.04% obtained in the first BMP assay and illustrates temporal variability of the SBR sludge source. The 
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sCOD/tCOD ratio increased to 7% with a single MW cycle and further improvements in COD solubilisation to 8.4% resulted when irradiating sludge (no alkaline pretreatment) 3 times to 85 o C. Addition of 2 g/ℓ of NaOH for 12 h increased the sCOD/ tCOD ratio from 2.06 ± 0.03 (control) to 16.3 ± 0.3%. Combined effects of NaOH and MW pretreatment did yield much higher sCOD/tCOD ratios than those obtained by NaOH pretreatment alone. Additionally, multiple irradiation cycles had a positive effect on the solubilisation of NaOH-treated sludge; the sCOD/ tCOD ratio went from 18.8 ± 0.3% when sludge was irradiated once to 21.7 ± 0% when it was irradiated 3 times suggesting that a combination of mild chemical and MW (85 o C) may improve sludge stabilisation over MW or alkaline treatment only. Maintaining sludge at 85ºC for an additional 10 min after a single irradiation cycle did not yield appreciable improvements in the solubilisation of COD with or without alkaline pretreatment. Figure 9 shows cumulative biogas production recorded for alkaline untreated samples irradiated 0, 1, 2 and 3 times to 85ºC and corrected for the contribution of biogas from controls containing only inoculum. Biogas production curves from the control samples are illustrated with smoothed lines to enhance clarity. No lag phase or signs of biomass inhibition were observed. Alkaline untreated samples irradiated 1, 2 and 3 times produced similar quantities of biogas with improvement in overall biogas production between 8.7 and 13.9% over controls. All samples had an initial maximum biogas production rate of approximately 190 mℓ/d lasting from 6 to 11 d. The difference between enhanced biogas production with MW pretreatment and the control was the duration of the initial maximum biogas production rate which was extended from about Day 6 (control) to approximately Day 11 (MW). In general, with the multiple MW pretreatment cycles used (85 o C) there was no improvement in the rate of degradation but there was enhanced substrate degradability over the control. However the variability in the cumulative biogas data does not suggest that multiple MW cycles to 85 o C significantly improved the extent of SBR sludge degradation over a single MW cycle.
Cumulative biogas productions recorded for NaOH-treated samples irradiated 0, 1, 2 and 3 times to 85ºC were not significantly different from Fig. 9 . Again, no lag phase or signs of biomass inhibition were observed even though the biomass had not been acclimated to NaOH-treated sludge. All NaOH-treated sludge samples irradiated 0, 1, 2 and 3 times produced similar quantities of biogas ranging between 10.3 and 16.8% greater than the control. The combination of NaOH and MW pretreatment did not produce any substantially better results in the rate of biogas production or increase in sludge biodegradability over NaOH pretreatment only or MW pretreatment only. MW pretreatment alone produced similar improvements to NaOH pretreatment alone or combined NaOH and MW pretreatment compared to the control and is shown more clearly in Fig. 10 . Additionally, multiple irradiation cycles to 85 o C did not suggest any substantial benefits over a single MW cycle. Figure 10 shows cumulative biogas production recorded for untreated and NaOH-treated samples irradiated once to a temperature of 85ºC and maintained at that temperature for an extra 10 min and corrected for the contribution of biogas from inoculum-only controls. untreated and NaOH-treated sludge produced similar rates and quantities of biogas. It is interesting to note that NaOH-treated samples that were not heated by MW (sample 4, NaOH control) produced comparable amounts of biogas to samples that were irradiated. As observed in Figs. 9 and 10, all pretreated samples generated similar amounts of biogas despite different extent of COD solubilisation obtained by varying pretreatments. This may indicate that the pretreatment conditions tested increased the sludge digestibility to a maximum extent. In light of these findings, either a single MW irradiation cycle to 85ºC on sludge not previously contacted with NaOH or only mild NaOH pretreatment may be employed to enhance anaerobic digestibility of Rockland aerobic SBR sludge.
Biogas composition in all tests was 60to 67% methane and 33 to 40% CO 2 . After 20 d the pH was recorded to be between 7.5 to 7.7 for all pretreated and control samples while alkalinity ranged between 3 400 to 3 800 mg/ℓ as CaCO 3 which are all in an appropriate range for AD. VFAs were less than 10 mg/ℓ while sCOD of all samples after digestion ranged between 290 and 470 mg/ℓ indicating that a portion of the soluble organic matter was recalcitrant to anaerobic degradation. Additionally, the sCOD concentration was higher than it was at the beginning of the BMP assay which demonstrates that some of the COD that was solubilised by the anaerobic micro-organisms was recalcitrant to degradation. The tCOD removals were consistent with the total biogas production measured (Table 5) , as evidenced by the rather consistent methane yield of 0.33 ℓ CH 4 per g COD removed (STP). Average tCOD removal in the controls was 45% while tCOD removal in all pretreated samples varied between 50 and 54%, a 5 to 9 percentage point improvement. Similarly average VS removals (Table 6 ) of pretreated samples were as high as 63%, which represents an 11 percentage point improvement over the control. Because similar biogas productions, VS removals 
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and COD removals were obtained for all pretreated samples, the simplest pretreatment option is the most desirable. This would consist of a single MW irradiation cycle of SBR sludge to 85ºC or mildly alkaline pretreatment without irradiation.
In general all pretreatment methods tested in the second BMP assay produced higher biogas production values. However, all these cases also resulted in an increase in CST indicating a potential deterioration in dewaterability of digested SBR sludge. Based on all CST data gathered no potential improvement in digested SBR sludge dewaterability is anticipated due to MW pretreatment.
Conclusions
MW irradiation was found to have a positive effect on the anaerobic biodegradability of combined aerobic SBR sludge having a long sludge age. Specifically, with MW temperature attained, MW intensity and sludge concentration were found to have an effect on the maximum sCOD/tCOD ratio achieved which was approximately 7%. However, the most significant parameter was MW pretreatment temperature. Partial MW pretreatment of SBR sludge did not enhance the rate or extent of the anaerobic degradability of SBR sludge. Maximum increase in SBR sludge stabilisation and concomitant increase in biogas production (16.2%) resulted from 100% of SBR sludge receiving MW pretreatment to 85ºC. Multiple MW irradiation cycles to 85 o C did not improve anaerobic degradability of the sludge compared to a single irradiation cycle. Maintaining sludge at 85ºC for 10 min after a single irradiation cycle also did not improve the anaerobic degradability of the sludge compared to a single irradiation cycle. Mildly alkaline pretreatment of SBR sludge yielded higher sCOD/tCOD ratios than with MW pretreatment but did not result in increased biodegradability and more biogas production than MW pretreatment. This result suggests that the increased sCOD generated for SBR sludge with long sludge age may in fact be recalcitrant. Improvements in biogas production and tCOD and VS removal were accompanied by a deterioration of sludge dewaterability.
